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IRTRODUCTION

The objective of this investigation has been to study and charac-
terize the mm cylindrical resonsnt cavity combiner with emphasis on
improving the understanding of the passive dasign parsmeters of this
uicrouvsve circuit. Since 1971, the ‘Dlm cylindricsl resonant cavity
combiner has been widely used as a microusve and millimeter wave cir-
cuft strusture for combining the individual RF outputs of Impact-
Ionization-Avalanche~Transit-Time (IMPATT) diodes. HNarp and Stover
{1]) first demonstrated the use of a mm ecylindrical resonant cavity
to combine the outputs of seversl IMPAIT diodes situated in cosxial
circuits (2] located st the periphery of a ‘m“ cavity. Subsequent-
ly ia recent years, several pcwer combiner designs ([3-7) have suc-
cessfully employed this type of circuit in combining from & to 64
INPATT diodes. The cylindrical resonant cavity combiner design has
been successful becasuse it offers many advantages such as high comdb-
ining efficiency, a largc capscity for combining IMPATT dicdes, mech-
anical aad electrical frequency tuming, equal amplitude and phass dis-
tribution t5 each diuvde circuit, large RF pover generation per umit
volume, and esse of (fabricatiom.
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Stgtement of :he Prodlem

Bven though the ‘mm cylindrical resonant cavity combiner has |

been widely used, ths design of the passive combiner circuit is not
yet well defined with respect to developing s closed form solution .

for the impadance presented to each individual IMPAIT diode for any |
order and size combiner. Various tuchriques such as impedance, S- l
parameter, and transaission matriz sodelling have been used with

good results on low order (i.e. nlom) combiners employing only a few g
IMPATT diode circuits. MNowever, for highar-order cocbiners with a
large number of diode circuits, the existing models are not sccurate ‘
enough and are used oanly for initial design. The final design 1is

usually derived by empirical adjustment of cercain combiner para-

seters. Another factor affecting optimal 'ncm combiner design is

achieving saximue combining efficiency vhich is indirectly related to

the combiner impedance response. The specific areas of investiga-

tion to be presented include cylindrical resonsat cavity combiner

theory (Chapter I), cylindrical rescnant cavity modelling (Chapter

III), and the characterization snd test of a Tygo test combiner

(Chapter IV). The susmsry snd conclusions are subsequently presented

in Chapter V.
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CRAPTER 11
CYLINDRICAL RESOMANT CAVITY COMBI:ZR THEORY
Ceneral Characteristic:

A mm combiner as shown in Figure 1 consists of several INPATT
diods circuits located sround the puriphery of a cylindrical cavity
vhich resonates in & T™™ o sode. Resonant cavity combinars may operate
as reflection amplifiers, injection-locked osciilators, or free run-
uiag oscillators depending on civrcuit design conditions. Operating as
an saplifier & circulstor must be used with the rescaant combiner to
isolate input and output. As an ssplifier, RF energy is coupled to the
cavity mouo E-field through a probe located at the cavity center and
correspondingly to each diode circuit via the cavity R-field which cir-
culates c'trcutcnathny within the cavity. The saplified RF wavefors
is coupled out of the combiner in the reverse order. As an oscillator,
the INPATT diode circuits sct as individual sources which are combined
and locked in frequency through rasctive pulling to the cavity resomsat
frequency. A mm coshiner has W]l resomant frequencies for each mode
in which cscillation may occur with only one of these being the deaived
resoaant mode. Thus for prepar ;’unm. 8 cavity wich & reasonadly
high Q must be used to synchromiza the dinde circuits. An slternative
seathod {or obraining synchroumous operation is imjection-lockiag. 1Ia

injection-locking, frequemcy synchromization st the cavity frequeacy is
3
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obtained by using a low level RF input to which the diodé circuits lock
in frequency. Agsin a circulator must be used to isolate input and out-
put. The cylindrical resonant cavity in all cases performs the func-
tions of distribution or combining of RF power and also operates as a
tuned circuit or bandpass filter due to its resonant characteristic.

The Cylindrical Resonant Cavity

The.cylindrical resonant cavity is the basic microwave circuit
element of a cylindrical resonant combiner. A cylindrical resonant
cavity may be formed by placing metallic ends on a short section of
circular waveguide. The solution for the fields existing within a
cylindrical resonant cavity can be found in several books [3,8]. The
solution proceeds by solving for the cylindrical wave equation with
the assumption that there is an.initial induced electromagnetic field
and that the cavity i{s a lossless medium containing no charge. The
resultanﬁ fields that are established are designated as either Tuinq
or TEmnq modes vhere the m, n, and q subscripts refer to the angular,
radial, and longitudinal variations within the cavity. In developing
the cylindrical resonant combiner, Harp and Stover chose to limit the
operation of their combiner to the Txono mode where n=1,2,... . They
did so because the field variations of this set of modes as shown in
PFigure 2 were correct for coupling to a center probe and to a number
of coaxial circuits at the periphery of the cavity. In general, wodes
with longitudinal variation may be eliminated from consideration by

proper choice of cavity length, leaving Tn.no and Tlinn sodes vhare
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»=0,1,2,... and n=1,2,... . Two of the m-m modas are shown in Fig-
ure 3. Note that the E-field maximums of these modes do not occur at
the cavity center but the H~field of these modes continues to circu-
late sround the cavity wall. There exist an infinite number of these
modes as well and their resonant frequencies ara deieruined from the

following equations,
Fr(ﬂ‘t....)i;;l\/-‘;—é— ’ .{m 1)
[TEm)= —L— . Xma @

IMVUE Q.

vhere a=cavity radius

XgqHER zero of the ath order Bessel function J“(x-‘)

Xg,"0th zero of the mth order Bessel function ";(”m)‘
Tables 1 and 2 provide representative values for these zeroes which
udy be found for example in Tables of Punctions by Jahnke and Emde
(16}. By.' comparison of Tables 1 and 2, it moy be noted that there are
saveral frequencies vhere the ‘m-wand T!-‘ o modes overlap. By select-
ing w=0 and n=1,2,... various ‘mmo uodes can exist within a cylindrical
cavity. Only the ‘mom. 'mozo. and 'n(o‘o modes have been used in cyl-
indrical cavity combiner designs [4-7) to date. The resonant frequency
then for a moao mode would be determined from equation (1) by sudbsti-
tuting & value for Xom® From «\;atiou (1), for a constant resomant
frequency, a larger radius cavity and s larger number of diode coaxial
circuits may be obtained by using s higher ovder ™ 000 node(i.e. n>1).
There are difficulties in doing this, however, because the frequency
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TABLE 1. Ordered Zeroes x of J‘(x.n)

' .
fn 0. 1 2 3 4 5
1] 2.405 3.832 5.136 6.380 7.588 8.771
2] 5.520 7.016 8.417 9.761 11.065 12.339
3| 8.654 10.173 11.620 13.015 14.372 15.700
4 111,792 13,324 14.796 16.223 17.616 18.980
[ ] t [
TAPLE 2. Ordered Zeroes Xon of J.(x.n)
N
n Q 1 2 3 4 b}
1 3.832 1.841 3.054 4.201 5.31/ 6.416
2 7.616 5.331 6.706 8.01S 9.282 10.520
) | 10.173 8.53¢ 9.969 11.346 12.682 13.987
4 13.324 11.7Q6 | 13.170 - - -
8




separation between adjacent T"mno mod»s as shown in Figure 4 becomes
ssaller as n increasss. Researchers who have addressed this problem
(5,7] have applied mode suppression techniques in their combiner de-
signs. These techniques, although effective in suppressing undesired
modes, do increase the loss in a combiner or conversely its combining

efficiency. For the Tuono mode, the field variations are presented as
E.~E, T, (%) o
H¢=J %T,(%ﬂr) )

vhere the time harmonic variation has been suppressed. From close
inspection of these two equations, it can be seen that the E-field

has only s z-component snd varies as a function of r with a maximum
intensity at the cavity center. The H-field has only a ¢-component
and slso varies as a function of r with a maximum near the cavity

side wall. Because a ™ . wode has no ¢ variation, the placement of
INPATT diodes is not critical and the number of diodes which can be
used in & cylindrical combiner is limited by factors such as circum-
ferential length and diode package size, pover dissipation, and iso-
lation between diode circuits. The Iu.n‘ modes have similar variation
with respect to vradius bdut also have angular variation as vell (ses
Figure 3). 1In the design of s cylinivrical resonant combiner, it {s
highly desiradble to achieve single mode operation (i.e. a single T”oan
wsode) . IMPATT diodes can resonste at their own avalanche frequencies
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as a part of the coaxial circuits or they may Se synchronized to one
of the nonsymmetrical Tunno modes. If an IMPATT diode resonates in
one of these modes, not only will RF power generated byvthat diode
not couple to the external circuit but the diode may become un;table
in that mode and result in failure. When the IMPATT diodes of a
multidiode cavity combiner resonate into their own loads, the output
RF spectrum shows distinct resonant lines [6,7] and the output power
thus achieved is not useful for amplification or as a source 6f RF
power, Thus to achieve single mode operatiﬁn, a8 resonant combiner
must employ a high Q cavity which gives this type of combiner a
characteristic of being a narrowband amplifier or tunable source.

The unloaded ) of a cylindrical resonant cavity may be found by
taking the ratio of the energy stored in the cavity to the power dis-
sipated in the cavity walls per cycle times 2x. The unloaded Q for a

m-w or mono @de is given by t3.8].

Qu= %ﬁ%/d) (s)

vhere n=intrinsic wave impedance= 120v ohms,

l.-akin rvesistance, and

dwcavity height.
Yrom inspection of this equation, it can be noted that the unloaded
cavity Q of a T"-no or THono mode is divectly proportional to the
ovder of the mode but inversely proportional to the cavity radius for
a given cavity height. The unloaded cavity Q is also inversely pro-

portional to the square root of frequency.

11




Coaxial Diode Circuits
The diode circuits in a cylindrical resonant combiner esch con-
alst of an IMPATT diode and impedance matching transformer placed at

one end of a coaxisl transmission line vith a bias feed and microwave

absorber load placed at the opposite end. Tha purpose of the im-

pedance matching transformer is to match the impedance of the com-

biner circuit vhich includes the cavity and microwave absorber load

responses plus the impedance of the other coaxial lines reflected

through the cavity to the small impedance of the IMPAIT diode. The

impedance of a packaged IMPATT diode typically has & negative resis- i
tance component on the order of -1 ohms and a inductive reactance com=

ponent of approximately 6-8 ohms. The microwave absorber functions as

8 stabilizing load for the IMPATT diocde at frequencies svay for the

U B s

desired mom node. In other words to eliminate runaway oscillatiomns, .
the positive circuit resistance must be greater than or equal to the
uwtudc._ of the negative IMPATT resistance. In operation, standing
voltage and current wvaves exist on the coaxial lines and if the micro-

vave absorber load position is adjusted so that a current maximus o

is located at the cavity midplane, then maximum pover transfer from
the coaxial lines to the cavity or vice versa occurs. This saximum

pover transfer occurs because the standing current wave easily couples

P S e 4 o, .

to the H-field of the cavity. The magnitude of the standing weves

and hence the fraction of power transferred to the cavity caa be con-

g st AR 3

trolled by the shape of the microwave absorber. Various geomstries of

the aicrovave absorber such as flat, partial taper, and full taper as
shown in Figure S have been investigated [4-7]. Ths flat termination

12
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hss been found to provide the best power transfer or comdining effi-
ciency dut is narrowvband while the fully tapered terminstion results
in s poor combining efiiciency and has the droadest bandwidtl.. Micro-
vave designers have implemented partially taperad terminations to
achieve moderste bandwidths while maintsining acceptable efficiency.

The equations describing the impedance presented to an IMPATT are
shows later in Chepter IZI.
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CHAPTER II1

CYLINDZICAL RESONANT CAVITY COMBINER MODELLING

There are several approaches (e.g. empirical {5], impedance
{2,6], S-parametar {7], and transmission matrix modelling schemas)
including combinations of these which have been applied to modelling
an N-diode TH° 2o cylindrical vescoant cavity combiner to date. The
most videly used model is the Xurokaws combiner model [2) which is
based upon determining the impedance(sdmittance) presented to an IMPATT
diode by an M1 port netvork with the circuit operating as a free run-
ning oscillator. However, the full potential of cylindricsl vesonant
combiners employiug INPATT diodes has not been realized with the exis-
ting coml-iner models. This occurs for several reasons. PFirst, the
‘mm combiners have ptimarily been designed to operate as free run-
aing or injection-locked cscillators due toc the Kurokavs model. In
general though, the circuit conditions for optimsl parformance of a
cozhiner as an oscillator differ from those for amplifier operation.
As an osciliator, condiderstions such as frequemcy stadiliry, oscil-
lator PN noise, and tunadility ave imporcaut vhile gain and bandwideh _
are predominant in amplifier opsratiom. Ia bdoth cases, civcuit efff- H
clexcy is of importance. The circuit requirements for am oscillator
are such that vhen the frequency is varied, the power output should ve-

sain constant. Nowever for am amplifier, as the input {requemcy variss ’
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at a given power level, the gain should remsin constan: over the band-
vidth of the amplifier. PFrom the circuit viewpoint, this requires the
device impedance line and the circuit impedance line to track one

snother. Thus, & more accurate TH _ combiner model should be sble to

include amplifier operation as well. This investigation has not em-
phasized developing a nev combiner model but rather the study and
chsracterization cf T 00 combiners to improve the existing KurM
model. Sacondly, the equivalent circuit componants of the Kurokaws
sodel(e.g. the coupling coefficients) are not accessidble to direct ex-
ternal sessurement and usually sust be calculated or approximated.
Lastly, the Kurokaws combiner model considers the combiner to ba & sys-
metric M4l port nstwork vith no coupling intersction between pairs of
diode circuits. It has been found (7] thst vhen the aumber of diode
circuits increases beyond approximataly 4-8, that mutusl coupling ef-
fects beg.n to occur. The modelling of mutual coupling effects, hov-
ever, is presently too complex and is not included tn this investiga-~-
tion. This chaptel is generally concerned vith examining the Kurokawe
combiner wodel wvhich has been applied frequently to mm combiners
and dstermining velations for some of its components. Ia particular
the topics to be discussed are general modelling of two-port resomant
cavities, the Kurokaws combiner model, and equivalent circuit impedance
velations for & mm cosbiner.

General Modelling of Two-Port Rascnant Cavities
Microvave cavities are inbereatly very complex metvorks vith am

fafinite mmber of natursl resomsmt frequancies and msy bo modelled

16
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vith either lumped equivalent circuits or as distributed transmission
1{nes bounded dy knowm discontinuities [1J]. Ir this sectica 3 very
genersl lumped element representstion will first be presented and will
be followed by s single mode lumped element natwork model.

General Representation of Lossless Two-Pert Rescasat Networks

In its most genersl form s two-gort lossless microwsve cavity may
be represanted by the network showm im Pigure 6. This circuit, as
shown by Ragan [11) and Beringer [12]), is derived by axtending Foster's

Reactance Theorem to & lossless two-port netvwork and leads to the fol-
lowing open circuit reactances.

@ 3.2
X.(w)=wl.u- a!; *Z%‘f (6)

Xk i+ ) 0

XA(“” wM, = w""&* Z“% ®
!

Each resonant loop in this netuork represents ons of the natural re-
sonznt nodes of the cavity and the capacitors and the ideal transformer
together represent direct capacitive coupling betveen the input and cue-
put terminasls. Practical otcrou.n cavities are not lcssless and the
dissipation in th: cavity msy be accoumted for by including s series
resistor in each vesomant 100p in the equivaleat civcuit of Piguvre 6.

To account for this series rvesistamce in equations (6-8), sn additiomal
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term should be included in the denominator of the summations. As can
be noted, the equivalent circuit of the cavity modes is Jescribed by
series RLC circuits. Likewise, the cavity modes may be represented by
shunt RLC circuits., The choice of which equivalent circuit to use is
determined by the reference plane of measuremnet [9]. There are two
terns (1i.e. either the detuned short-circuit position or the detuned
open-circuit position) which ars used in the description of the ref-
erence plane position. The detuned short- or open-circuit impedances
are defined as the impedance of the natwork when excited at a fre-
quency far removed from the resonant frequency of the network. 1If the
detuned short circuit position were used, the shunt RLC circhit would
be appropriate while the series RLC would de correct vhen the detuned
open-circuit position was used, With respect to the cylindrical re-
sonant cavity combiner, the equivalent circuit of Figure 6 represents
8ll of the T™™ o modes possible. However, the two~-port configuration

is not rcpuunhtivc of an M+l port combiner axcept vhen the combiner
is considered to be sysmetrical.

Single-Mode Lumped Zlement Two-Port Rescaant Network Model
As stated earlier, mm combiners employ relatively high Q cylin-
drical rescnant cavities which are designed to operate in a single
‘mmo wode. Each of the infinite resonant modes of the cavity stiil
exist 1f stimulated but are sssumed to be sufficlently removed from the

desired mode so that their equivalent resonsat circuits msy be vemoved

from consideration. Also, the direct coupling elements may bs remcved

if found to be small emough. lan a ™ oeo cosbiner, the direct coupling
is assumed to be small becausc the ceanter prodbe and coaxisl lines are
19

-

. . . R, N e '-':‘ i et Bk e Xl
b s LT s NS e e et oA R Bl i

ARG,

kit oL

ARSI RIS




e

GRS e Gs

vA.s 3.

! S

T
Yoz og)

-3¢
>
b
S
kY
:
=
e

W . . oin
1 i S R R

£ piA L

R N/ e

not in close proximity. The result is sn equivalent circuit which is
composed of s single series RLC or shuat RIC circuit representing s
particuslr ™ ono mode with idesl transformers representing the coupling
of the input and output circuits as shown in Figure 7. The shunt RLC
resonsat circuit and idesl transformers sre used in s classic paper by
Kuroksws to model a resonant waveguide combiner which is discussed
later. Before descriding the Kuzokaws mndel, tha § factors (i.e. the
loaded, extarnal, and unloaded Q's) of a two-port lumped slement te-
sonsnt network sre given.
Q Yactors of & Lossless Two-Port Rescuant Network

Consider a single-mode lumped element resonant network as showm in
Pigure 7 below vhich represents s cavity coupling system with matched
input and output impedances zo and ZL Yor a 'mm combiner, z° would
be the external impedance presented to the comdiner and "l. would re-

presant the IMPATT diode circuit impedances in parsllel for s sym-
sstric comdiner.

s

. 1l - 1:a

Tgure 7. Single-Mode Resonant Cavity Equivalant Cireuit
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The coupling elements are assumed to be losslesc (i.e. because any
loss msy be cancelled by suitable choice of reference planes) and no
{nteraction batween them is assumed to occur. Transforaing the gen-
erator and load circuits to the resonant circuit, the loaded § of the
network is easily determinaed as,
. <:> )
Q=T AT |+2,9;L5‘ @
Z6 7.6

vhere (;;:rLLQ,(;/QS‘ é

The external Q, Q“. is the @ of the external network only and for the

ieun At i iy

circuit of Figure 7, it is defined as, ‘%

Qo™ e = (10)
« O, M B, +Bs
ZOQ ZLG. !
The Kuroksws Combiner Model g

Kurokaws in 1971 presented a paper on “The Single-Cavity Multiple-
Device Oscillator” [2] which has been referenced snd used by many re-

searchers in the combiner area to model Tnouo cylindrical resonant

cavity combiners. His model is derived from the theory already pre-

sented in this chapter except that the circuit he uses (i.¢. an Wl

port) is much more complex. He uses a single shunt RLC circuit to re-

present the resonant cavity (i.e. a wvaveguide cavity) and lossless
idesl transformers to represent coupling to the cavity. The diode
circuits he uses are identical to those used in a txouo combiner.

Kurokswa tskes the approach of solving for the eigenvalues esquations

for the network admittance facing each IMPATT diode vhen the combiner

21
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is operated as a free rumning oscillator. MNamely when,

Ya=NYo (11)

vhere Y' represents the adaittance of the N-port network and Yp tepre-
sents the admittance of a single WMPAIT diode. Kurockawe assumes equal
coupling to all the diode circuits and neglects any coupling between
pairs of diode circuits through the resonant cavity. In Kurokawa's
circuit(i.e. a rectangular waveguide combiner), this assumption is
correct btacause each diode circuit sust be spaced by half wavelengths
for maximum coupling to the vaveguide R-field. However, the same is
not true in a mmo combiner vhere the spacing is not waveleugth de-
pendent and isolation between each diode circuit decreases significant-
1y with an incressing number of diode circuits. When the isolstion be-~
tween diode circuits in a ™ o combiner becomes too small, the RF
voltage amplitudes of each diode circuit, which are not necessarily in
phasy, will cause single or pairs of diodes to rescnate at frequencies
indepindent of the cavity resonant frequency. As itaud earlier, thase
mutual coupling effects will not ba treated here. Xurokawa also dis-
cusses the circuit coaditions for suppressing undesired modes, stable
oparation, and injection-locking and presents equations om cirvcuit ef-
ficiency and noise performance. In the section on suppressing un=
desired =sdas, Xurokava stated that the coupling coefficient for other
wodes will be consideradly smaller than for tha desirved wode, thus,
eliminating any moding problems. MWowaver, it has bean noted by
Mastroianni {6]) and in this investigation that matched coupling can
occur simultaneously to more than ones wode for certain circuit com-

ditions. Thus, IMPAIT Jdiode operation in an undesived m_‘ uode is

22
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certainly possible. Kuroksava, in his model, uses a tapered micro-
vave absorber load which gave his design excellent stability (i.e.

& tapered load causes matched coupling of all modes) in a single
mode. The tapered load, however, resulted in poor combining ef-
ficiency. Bacause Kurokawa uses s tapered load, he describes the
load as a constant equal to the characteristic impedance of a 50 ohm
coaxial air line vhich in the general case it is not. Impedance re-
lations were developed for a flat microwave absorber load and sre
presented later in Chapter III. The measured versus calculated im-

pedance of a microwave absorber load is presented in Chapter 1V,

mm Combiner Equivalent Circuit Impedance Relations

In this section, the equivalent circuit relations for a T™™ a0
combiner vhich ia based upon the Kurokswa model are presented. The
impedance presented to an IMPATT diode will later be computed using
this model and then compared to the measursd results in Chapter 1V to
test the applicability of the Kurokawa model. Other approaches to
sodelling a m“ o Coubiner (i.e. using S-parameters) were considered
but S-parameter modelling, in general, does not provide the microwave
designer vith the information necessary to predict combiner perfor-
sance as 8 function of circuit paramsters. The mozo node ves select-
od in this invastigation so that circuit interaction vith modes other
than the desired mode could be chavacterized. The THyeg COmbiner
equivalent cirecuit is presented in Figure 8. The circuit 13 2 single-

sode ¥+l port resonant network.

)
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Impedance Presented to an IMPATT Diode
For the symmetric single-mode T"ono combiner equivalent circuit
shown in Figure 8, the impedance presented to an IMPATT diode by the

network is described. As stated before, the impedance presented to

apame,

the diode is based on the oscillator condition. The impedance pre-
sented to an IMPATT diode can be determined at the diocde plane or at
the cavity midplane. If the network impedance is determined at the

cavity midplane, it is equated to a transformed diode impedance (i.e.

the impedance of the diode transformed through the matching transfor-
mer and a section of coaxial line). The impedance of the combiner

network at the cavity midplane can be shown to be,

Zu:ZA‘*E[J‘*"L-*'j(%--?-)] (12)

e s s e o e 4o i = i 4 ¢
TR -

vhere ZA-ictovavo sbsorber impedance

¥enumber of diode circuits

R . N
RN

Qc-nuloaded cavity Q

k. . -

; Q!-cxternnl Q

i Next, the impedance presented to an IMPATT diode is determined by
transforming z“ through a short 50 ohm section of line and & A/4 trans-
former. The impedance presented to the A/4 transformer is determined

from :
S ' o ZutJiZ.tanpL i
f Z0 =2 7o iZutanhl @

L e e oMYA g U todh Gl U RN B o R o g .
Tt YR o AT g <o ) v, e e e [
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vhere £ is the length of line between the cavity midplane and the )\/4

transformer. A calculator progras to gensrate this impedance was 1
developed and is provided in Appendix B. The network impedance which
is equated to the diode impedance is subsequently determined using,

ZD‘-' Z‘:/Z.: (14)

vhere 2= 1/4 transformer impedance.

T b
The matching transformer impedance, z,r. is calculated using, 3
Z'r = € Q (15)

vhere b= radius of the coaxial line outer conductor,

a= radius of the coaxial line center conductor, and
" dielectric permittivity constant.
A program callen ZCOMB, provided in Appendix A, was written to cal-

culate representative values of z}; as & function of frequency for

later comparison to the measured data.

Resonant Circuit Element Relations

e e e ————— .y

Before the impedance presented to the IMPATT diode can be 2al-
culated, the relations for the resonant circuit elements smust be ‘

known. The conductance of the resonant cavity may ba shown to be (8], )

. 4
Ge= mzdfu.e%d).&l_(zt_m)_, 6

vhich is determined from eoucidofation of the dissipated power in the

cavity. Using the equation for unloaded cavity Q ({.e. Q-UOCQIGG). the

resonant cavity capacitance can be described as,

26
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C.= M.Xn%_:’.i.{lm)_ : | an

Following this, the equation for tkLe resonant cavity inductance is

found from u:-lll.c. The inductance is,

T S A T P vt on i e e

S /i :
L= o7 T/ X 7 (Xma) ae

Lastly for use in equation (12), the equation for Jcchc is,

\/gz w‘c,,___z:mzd%n_ﬁ(xm)_ :

(19)

Microwvave Absorber Impedance Rzlations

The microwvave absorber or stadbilization load which terminates the
diode line can be viewed as an infinite coaxial transmission line (i.a. .
dus to the significant attenuation characteristic of the adsorder) with ,
complex values of parmittivity and permeadility. The microwave absor-
ber is & composition of iron and expoxy called ECCOSORB MF 116 [17].
The complex values of parmittivity and permeadility are needed because
of the electric and magnetic properties of the ECCOSORB msterial. The
general velstion for the charscteristic impedance of s distributed
transmission line can be used to descride this impedance and is given

o [REs0L
Za=\Gvinc @

The individual components of equation (20) can de determined from

3
. ¢ ‘.'
.
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static fialds and are defined as,

R eyt e o -

T
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R- gt‘ ('!F + "a!") ohms /mster (21)

A
= -i“u,- ln -g— henrys/meter (22)
C= .21['.6‘_ fareds/meter (23)

.
"Gm= %‘L siemens/meter (24)

pe uo(n;-jv;)
- L. "
¢ co(c‘, jcr).
It is also useful to compute the asttenuation counstant, a, for this

weterial vhich may bLe computed from,

oreRe()= RMRIWIGED) | an

vith the sudstitution of equations (21-24). Ia terws of dB/cm, o

is given as,

a(dh/ce) = 8.686 X 1072 a(aapers/meter). (26)
In the section on measurements, it will be showm that the defining
equations for the microwave absorber load are comparatively accurate.
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CRAPTER IV
’"ozo TEST COMBIMER CHARACTERIZATION

The objective of this chapter is to characterize s ‘D(ozo test
combiner in order to test the applicadbility of using the Kurokaws
model as proposed by various researchers for modelling higher- order
mode multiple diode TN a0 cosbiners. The characterization consists of
presenting test data on single- and two-port microwave msasurements on
a8 cylindrical resonant cavity test combiner and them correlating the

msasured impedances of the combiner with calculated impedances.

‘nlozo Test Combiner Description

By using equation (1), a ‘mozo

resonant frequency of 10 GNz. The mozo uode veas selected for the

test combiner vas designed vith a

design 30 that the relative interference fros other modes (e.g. the

Do wode) could be studied. A cross section of the test combiner is
shown in Figure 9. This test comdiner has baen designed vith features
that are not included in a typical combiner design. Ths test combiner
has four coaxial lines in which the impedance matching transformers and
IMPATT diodes have been veplaced vith .250" semi-rigid coax and type M
coaxial connectors. The length of the coaxial lines was chosen so that
later use of INPATT diodes in the cumbiner would be possible. With

this wodification, the impedance presented to an TMPAIT dlode can de

msasured. The test combiner also esploys moveadle flat profils micro-
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Tigure 9. ‘moa Test Combiner Cross Section
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wave absorber terminations and provision is made for adjusting the
cavity height to change the Q of the resomant cavity (i.e. vith in-
serts). The microwave absorbers were made from the ECCOSORB MF 116
saterisal described earlisr and were designed to be positioned 1/4
wvavelengths from the cavity midplane vhen fully inseried. The iaput
to the test combiner is also a .250" coaxial line and coupling to the
cavity is accomplished via a .025" extension of the center conductor.
Ons additional feature the test combiner has is a .250" frequency
tuning plunger vhich i{s located opposite to the coaxial input line
along the cylindrical cavity axis. Modifications to the existing test
cowdiner for use with INPATT diodes include replacing the coaxial out-
put lines vith diodes mounted on a water cooled copper hcatsink and
redesigned cosxial center conductors having )/4 satching transformers.

ﬂ(om Test Combiner Messurements

The characterization of the test combiner was primarily accom~
plished using an NP 8545A Automatic Netvork Analyser (AMA). A block
diagram of the ANA measurement systes is showm in Pigure 10. Botk
sanual and automstic measurements can de made using the ANA: however,
only manual meascrements wure performed in this iavestigation due to
the requirement for waking brosdband messurements to observe the test
ccubiner responsa in several resonant acdes. The manual msasuréments
were made by taking outputs from the AMA and recording transmission co-
efficient and impedance dats using am WP 7046) X-Y vecorder. These
sessurenents as described in the follewing paragraphs coasist of
ssssuring the test comviner 9}, combimer faput impedance, cosbinmer
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coaxial line impedance, and combiner transmission coefficient.

Cosbiner ) Measurements

There are several techniques to measure the Q of a resonant cir-
cuit. These techniques can be grouped into transmission methods,
impedance measurement methods, transient decay methods, and dynamic
methods. Ginzton (9], in his textbook, shows a fairly accurate graph-
ical method of determining the unloaded Q, the external Q, and the
loaded Q of a resonant cavity using the Smith chart. His graphical
method assumes no coupling loss. The transmission method is the sim-
plest to measure but only the loaded Q of a resonant network may be
determined directly. The transient methods, which consist of measur-
ing the decay time of an RF pulse, are also accurate but only when the
cavity Q exceeds ~10,000. Ginzton's graphical method of measuring the
TMOZO test cavity combiner circuit Q's has been used and.these values

for different cavity heights are shown in Table 3 below.

Table 3. TMOZO Cavity Test Combiner Measured versus Calculated Q's

Cavity TMO 0 Center

height, d(in.) fte%uency (GHz) Qo QE QL Qo(calc.)
.150 9.96 800 800 398 3861
.200 9.97 1108 1108 498 4949
300 9.98 | . 26494 2494 1247 6895

Note: An effective radius of 1.11 in. was used in calculating Qo’

For the measurements, critical coupling to the cavity was accomplished

by adjusting the input probe. Thus, the coupling coefficient 8«1,
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QE'Qo’ and QLOQOIZ. The measured Q's as can be noted are much lower
than the calculated values. The primary reason for this discrepancy
is that additional loss exists at the apertures for the coaxial lines.
The coaxial line center conductors were removed to achieve minimum
coupling to the lines during the () measurements. However, the scal-
loped contour at the cavity/coaxial line interface does increase the
losses of the cavity. The graphical method of measuring circuit Q's
is shown by the example in Figure 1ll1.
Combiner Input Circuit Measurements

These measurements consist of characterizing the input impe-
dance response of the TMOZO test combiner under two conditions. The
first condition is where all the coaxial line center conductors at
the periphery of the cavity are removed. The equivalent circuit of

the test combiner then reduces to a single-port shunt resonant net-

work with a single ideal transformer representing the coupling to the ’Af : j
cavity (?igure iZ). With this modification, the cavity has no ad- ) ’
ditional loading from the coaxial lines and the response of the shuat
resonant network shown can be observed. Also, the unloaded and loaded
values of circuit Q were obtained this way. The second condition is
where all the coaxial lines are present and are terminated in 50 ohm
loads in order to duplicate the circuit conditions of an ideal combiner !
(1.e. one in which there are no mismatch losses). The input impedance
for both conditions have been measured with two different cavity
heights as ghown in Figures 13 and 14. The purpose of varying the
cavity height is to affect a change in the unloaded cavity Q. For

these measurements, the input probe depth has been adjusted to achieve
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critical coupling at the center frequency of the Tnozo mode. Also,

s veference plane extension on the network anslyzer is adjusted so
that the input phase to the combiner is correct. When the coaxial
lines vere in place, the microwave absorber loads were positioned so
the standing current wave on each coaxial line would coincide with the
cavity/coaxial line aperture for maximum power transfer to the loads
in the cosxial lines. The equivalent circuit with coaxial lines is
that of Figure 8 and it is expected that the coaxial lines will load
down the response of the cavity which it does by looking at Figure 13
or 14, This is because the loaded Q, vhich is governed by equation (9)
vhere 82 represents the coaxial line coupling coefficient, decreasess.
For the .150" high cavity, the center frequency of the IMOZO uode wvas
9.96 CHz with no coaxial lines present and decreased to 9.82 GHz when
the coaxial lines were included. The center frequency decreased be-
cause the center probe had to be inserted further to aihieve critical

coupling. The resonant frequency of a cylindrical cavity will decrease

vith any‘percutbltion sccording to the relation (8],

A= -1/2 AVY. (27)

vhere V is the voluse of the cavity and &V is tha volume of the per-
turbation. With no coaxial lines the unloaded and loaded cavity Q
values were 664 and 132, respectively, and decreased to 240 and 120
vith the addition of the coaxial lines which is approximstely a 2/3
reduction in Q. With the coaxial lines in place, the microwave ad-
sorber loads were positioned 1.385 ca (v)/2) frow the midplane of the

cavity. There exists an open circuit at the microwave sbsorber load,

by
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Figure 14, 'mozo Test Combiner Input Impedance, d=.300"

39

S ————t e e e o1




e ook SRS

L e

T ———

iR

o B A Y

. A,

and thus, a current maximum occurs at A/2 wavelengths toward the
ecavity or at the cavity midplane. Using a .300" high cavity, ths cen~-
ter frequency of the THOZO mode was 9.975 GHz with no coaxial lines
present and decreased to 9.775 GHz with the coaxial lines. The .300"
high cavity suffered the greatest change in resonant Q when the coax-
ial lines were used. The unloaded and loaded Q values were 2494 and
1247, respectively, with no coaxial lines and decreased to approximate-
ly 1/10 these values, namely,/296 and 127, when loaded by the coaxial
lines. The microwave absorber loads were positoned at 1.623 cn
(vA/2) for the .300" high cavity. For both the .150" and .300" high
cavities, the test combiner exhibited significant loading with the ad-
dition of the coaxial lines. It is seen in these figures that near the
resonant frequency, the impedance response of the cavity circuit ele-
ments predominate while away from resonance the impedance doas not
approech zero but some small value.
Combiner Coaxial Line Impedance

The test combiner coaxial line measurements consisted of charac-
terizing the impedance response at one of the coaxial lines under
several variations. The impedance observed here is the impedance of
the combiner network before it is transformed through a 50 ohm section
of line and a 1/4 transformer to the diode plane. Variations in
the test combiner circuit such as shorting or matching the cavity
center probe, leaving or removing all other coaxial lines, and chang-
ing the cavity height vere involved in these measurements. The pur-
pose of varying these parameters was to obsarve the changes in the

cavity-to-coaxial l;nc coupling of the 1"020 and 1"210 modes. All
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the coaxial line messurements were msde over spproximately the 9.1 to

10.5 GHz frequency range which includes both modes. Ia the measurs-
sents vith the center probe present, the probe impedance wvas critic~
ally coupled to the cavity impedance as shown in Figures 13 and 14.
Also, the microwave absordber terminstions were always adjusted for
maximum power transfer from the coaxial line circuits to the cavity
c¢ircuit. This position varied from 1.385 cm to 1.623 cw from the
cavity midplan. for the .150" and .300" cavity heights, respectively.
For the measurements wvhere the center probe vas shorted, s shorting
plunger was adjusted inward until its end wvas flush with the cavity
top wall, thus removing any input at the cavity center.

Microwave Absorber lLoad Test Circuit. Before making an external im-

pedance measurement at one of the coaxial lines, it vas desiradble to
measure the impedance of the microwave absorber terminating each co-
axial line and to compare the measured results with calculated re-
sults. To do this, a test circuit vhich consisted of a .250" semi-
rigid coaxial line and a .141" coaxial sir line terminated vith an
adjustable microvave shsorbder, vhich vas similar to the microwave ab-
sorber circuit {n the tast combiner, was fabricated. A cross section
of this circuit ie¢ shown in Figure 13. A manual measurement of the
unicrovave sbsorber impedance vas made over the 9.1 to 10.48 Gz fre-
quency rvange. As can be noted in Figure 16, the impedance of the
uicrowave absorber load appears as the impedance of a transaission
1ine with a charscteristic impedance determined by the ECCOSOR wa-
terial. The calculated impedance response i{s odtained using equations
(20-24) and {s shown as the dashed curve in Figure 16. A subroutine
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Figure 16. Microvave Absorber Measured versus Calculated
Losd lmpedance, x+10.5 cm

43

i
i




,.
. Ly
= : L vty i . b u
s LA R i N S W

grytns RO

b b i 867

i
v RGN Gl ‘;;/v

of the ZCOMB program was used to calculate the microwave sbsorber
ispedance versus frequency. These two curves are quite similsr in
shape and both have spproximstely the same reference plane. The
slight difference between the calculated and measured impedances is
attributable to the use of permirtivity and permasbility constants
which vere mgasured at 8.6 GHz. Thus, the equations used to model
the impedance response of ths microwave absorber terminations are
fairly accurate. To arrive at the calculated curve, the following

data vas used.

¢ ;'16.2 r/a u"_'l.G H/m a=21 dB/ecn
c:'l.lu T/n u:-.752 R/ x=10.5 c»

The values for the coefficients of the compleax permittivity and per-

-mesbility constants were messured by the manufacturer of ECCOSORD MF

116. The value x is the length of coaxial air line between the ANA
reference plane and the microvsve absorber, anda is the attenuation
constant for NF 116. Using equation (25) and the quantities givea
above, o is calcualted to be 21.1 ¢B/cm at 8.6 GHz vhich compares
favorably with the value given by the msnufacturer.

Coaxial Line lwpedance with the Center Probe Terminated in 30 ohms.
These messurements are graphically shown in Figuvres 17 to 20 and
consist of characterizing the impedance vesponse of s single coantial
1ine with either all coaxial lines pressnt or cnly the mesasured line
present and vith cavity hatghts of .130" and .300%. The general
aquivalent circuit representation for this case is shoun in Figure 8
and the defining equation to be referenced is (12). When all other
coaxial lines are removed, the equivalent circuit must de modified to

&
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show only one output line and the constant N {n equation (12) must de

R ,vwwmmmmwm%
Rk
ho,

set to one. By disregarding the resonant locps shown in these figures,
the impedance is seen to be only the impedance of the microwave sb-
sorber as shown in Figure 17. Thus, the test circuit used for the
microwvave absorber impedance vas representative of the circuit in the
test combiner. The effect on the impedance of s single line caused by
coupling RF power into the cther cosxial lines is best shown in Figure
19 versus FPigurd 20 where the cavity height is .300". The result is
that the ‘mozo and mno modes vhich are critically coupled and grest-
ly overcoupled, respectively, in Pigure 19 have their coupling reduced
significantly. The mozo rescnant frequency also changeasignificantly
being reduced from 9.94 GHz to 9.775 GHz. <This occurs somevhat be-
cause the effective cavity diameter is reduced with the addition of
all the center conductors. The mno soda, previcualy such over-
coupled, actually is (loser to bdeing critically cuupled at its ve-
sonant !r_cqmcy than the mozo wode is. From cquttoa (12), one would
expect the coupling of the 'mozo sode to iaprove as ¥ vas increased,

hovever, the unloaded Q and the external @ in this aquation decreass

vapidly causing the {mpedance at resonance to decreas: also and giving
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\ the cavity respoass the appearance of s small vesonan: loop. With the
coupling to the cavity being undercoupled, & large portion of the kP
‘ ; pover from the source (i.e. & swept RF source or IMPALT diode) is &b-
? sothed {ato the microvave sbsorber terminstion. To achieve maximum

f | combining effictency, the circuit design will have to ba such that tise
: coupling of ¥ lines to a cavity does not prevent critical coupling of
"In.. ff each coaxial line. This vill also nore than iikely keep the ™0
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Coaxial Line Impedance, one line present, 50 ohm
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Figure 18, Coaxial Line Impedance, four lines present, 50 ohm
input, d=.150". Case l-input critically coupled.
Case 2-input slightly undercoupled (p=.2).
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Coaxial Line Impedance, four lines present, 50 ohm
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mode overcoupled which is desirable for single mode operation. Figures
17 ¢ 19 and 18 & 20 show the effect of changing the cavity height, Da-
creasing the cavity height does not appear to affect the TMOZO and

™ resonant frequencies but does appear to moderately affect the

210
coupling of the coaxial line to the cavity. A decrease in cavity
height causes a decrease in unloaded circuit Q as can be seen from
equation (5) or Table 3 and subgequently the impedance response de-
creases. In the measurement of coaxial line impedance with four lines
present, a 50 ohm input, and a cavity height of .150" (Figure 18),

the resonant cavity response was nearly eliminated with the center
probe being critically coupled. However, the cavity response was

restored when the center probe was slightly undercoupled.

Coaxial Line Impedance with the Center Probe Short Circuited. These

measurements were performed to demonstrate the effect the input ecir-
cuit has on the impedance matching of the coaxial lines to the cavity.
By short gircuiting the combiner input probe, the external load and
ideal transformer representing input coupling in the equivalent cir-
cuit is removed from considerstion as shown in Figure 21. Again,
measurements vere made with and without coaxial lines at tuo dif-
ferent cavity heights. The impedance responses are provided in
Pigures 22 to 25. With a cavity height of .150" and only one coaxial
line, the coupling shown in Figure 22 to the cavity 1”020 node is
ecritical while the 1“210 wode coupling is overcoupled. Adding the
other lines to the circuit again undercouples the coaxial lines to the
™

020
coupling is not quite as great as vhen the external input load is

and THZIO nodes as sean in Figure 23, However, the change in
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Pigure 21. Equivalent Circuit of a mOIO Combiner wvith tha Cavity
Probe Short Circuited and One Coaxial Lins Present
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present. The resonant frequency for the 1"020 and 1"210 modes is
approximately 9.92 GHsz and 9.25 Gliz, respectively, sad {s not af-
fected by the addition or deletion of coaxiasl lines. Since the re-
sonant frequencies are a function of the cavity radius, the addition
of the coaxial lines affects the cavity radius minimally for this test
combiner. This i{s not necessarily true in larger power combiners,
however, vhere many coaxial lines would be present. Both the 1"020

and ™ modes are overcoupled as shown in Figure 24 (i.e. most of

210
the RF power is sbsorbed into the cavity walls) for the case of one
coaxial line and a cavity height of .300". Comparison of this figure
with Figure 19 vhere the input is not shorted, demonstrates the rel-
ative effect the external load has on the loaded Q of the circuit.

The difference in the 1"020 response is small wvhile the 1"210 response
changes moderately. This indicates that the external circuit impedance

(usually 50 ohms) has more of a shunting effect on the TM,.. mode.

210
Including the coaxial lines to the short circuited, .300" high cavity
again veduces the coaxial to resonant mode coupling dut the reduc-
tion is much less than when & 50 ohm input is used. The impedance data
80 far indicates that the externsl load has a moderate effect on the
impedance at a single coaxial line while addition of the other lines
affccts the impedance response significently because of tha nst low
impedance shunting the cavity. fs descridbed in the previous case,
changing the cavity height does not affect the 1"020 and tnzlo'tcnoaaat

fraquencies to any great extent.
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Coaxial Line Impedance, one line present, input

shorted, d=.150%
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Figure 23.

e N

Coaxial Line Impedance, four lines present, input
shorted, d=.150"
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Coaxial Line Impedance, one line present, input
shorted, d=.300"
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Pigure 25. Coaxial Line Impedance, four lines present, input
shorted, d=,300"
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Transaission Measurements

T™vo types of transmission measurements were performed. They
wvere comprised of measuring the transmission of RF pover from the
combine. center probe to ons of the coaxial lines and measuring the
coaxial line~to-line transaission (isolation) properties. The first
seasurement provides information on the combining efficiency of the
circuit and the second provides information on the isolation between
1ines. The measurements ware made using the ANA in the transmission
wode. The measured frequency rsnge was 9.0 to 10.5 GNz.

Center Probe to Coaxial Line Transmission. The transmission coef-

ficient of the test combiner in this configuration was measured with
only one coaxial line present. Only one line was used because an ex-
ternal combining network was not available. The transmission measure-
ments as shown in Figures 26 and 27 were made using cavity heights of
.150" and .300". The {nput center probe and the microvave absorber
losd positons were adjusted to give the best coupling to the Tnozo
wode poo:ible. In the measurement, the center probe position had
1ictle effect on combining efficiency vhile the microwave absorber
load position had s significant affect. This indicated that the com-
bining efficiency is primarily determined by the coupling of RF power
from the coaxial line to the cavity. In general, the transmission
neasurements of the test combiner indicated a higher than expected
transmission loss. Vor the .150; and .300" high cavities the trans-
uission loss was & dB and 3 dB, vespectively, wvhich relates to & 252
and 3502 combining efficiency. The loss that occurs is attridutadle to

the cavity wall loss, to the spacing of the coaxial line canter con-
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ductor with respect to the cavity wall, and to the loss of puwer into
the microvave absorder. There is also approximately .5 dB loss which
occuts at the transition from the combiner coaxisl air line to the
semi-rigid coaxial line used to connect the test combiner to the ANA.
As the cosxial line canter conductor is moved rvadislly inward, the
coupling to the cavity, and hence combining efficiency, will increase,
but the {solation between diode circuits will decrease. The impedance
of the microwave absorber can also coatrol efficiency with s load re-
presenting a short circuit producing the dest afficioncy. However, as
stated by Kurokawva a short circuit presented to an IMPATT diode can
lead to instability. In general, the circuit impedance presented to
an DMPATT diode should slways be greater than or equal to its nega-
tive real part. A compromise betveen a short circuit impedance and
the impedance presented by ICCOSORB MF 116 or any other microwave ab~
sorber should de possible and would improve current efficiency po-
tential o_f moao combiners. To achieve a lower impedance as suggested,
8 A/4 trensformer could be used dotween the aicrovave absorber and the
cavity.

Coaxial Lire-to-Line Isolation. This measurement was comprised of

seasuring the transmission loss betueen two adjacent coaxial lines of
the test combdiner with a .300" high cavity. Jne msasurement vas sade
with the center prode short civcuited (Figure 28} and another vas made
vith the center probe teruinated in a 50 ohm impedance (Pigure 29).

The vorst case isolation messurement showm in Figure 28 occurs with the
center probe short circuited. This figure indicates a 10 ¢3 and 9 43

{solation for the mna and “‘ozo nodes, respectively. “haa the input
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is terminated in 50 ohms, the isolation for the TMy;, mode remains
approximately the same, but for the TMOZO mode, the isolation improves
to 15 dB. Another effect the 50 ohm input had on the TMpy) mode was
to shift its resonant frequency downward from 9.94 GHz to 9.85 GHz
vhile the ™j;, resonant frequency stayed constant at 9.29 GHz. This
frequency shift could have occurred as the result of a slight pertur-
bation of the center probe below the cavity top wall. The isolation
performance between each of the coaxial lines is relatively good as
expected.

Correlation of Measured and Calculted Results

In this section, the calculated impedance response for only the
T™p20 mede of a single coaxial line and then all four lines is present-
ed and compared to the measured responses shown earlier. To calculate
the coaxial line impedance response, a program called 3 COMB was used and
is described in Appendix A. Only the Ty response was calculated be-
cause of limited calculator memory. This program is based upon Kuro-
kava's model but unlike his model, it uses equations (20-24) to de-
scribe the microwave absorber impedance. Two unknowns in the model
vhich had to be determined were the coupling coefficients n% and n%
vhose values were approximated as 8.41 X 10~ and 6.5 X 10‘4, respec-
tively. The value of nf wvas approximated with the equation n§-cc/zo
(1.e. because G. is not accurately known as a result of the scallops)
vhen the input coupling coefficient 8; 1s equal to one. The value of
ug was approximated by fitting the calculated curve to the measured

data for the case of a single coaxial line. The reference planes for
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the position of the microwave absorber and for calculating the imped-
ance looking into a coaxial line also had to be chosen. These dis-
tances were chosen as 1.5 cm and 10.5 cm, respectively, which were
approximately the same as used in the coaxial line impedance measure-
ments. The calculated impedance response of a single coaxial line with
no other lines present and Qith a cavity height of .300" i{s shown in
Figure 30. The response is critically coupled at the TNOZO resonant
frequency (i.e. 10 GHz) and has a characteristic impedance equal to ZA
away from resonance. The calculated response shown compares favorably
with the measured response, using the same parameters, shown in Figure
19. By referring to equation (12), it can be noted that the coaxial
line impedance should increase and become overcoupled as the number of
coaxial lines increases assuming no change in loaded Q. In the mea-

sured result of Figure 20 where the number of lines was increased from

one to four, the impedance response became significantly undercoupled.

4

To account for this in the calculator model, a new value of .406 X 10
was sele;ted for the coupling coefficient ng. The 1mpedanqe’response
with this value, shown in Figure 31, is very similar to that of the
measured result of Figure 20. To explain this discrepancy it is sug-
gested that even though the number of coaxial lines is increasing, the
the loaded cavity Q also decreases with the additioa of coaxial lines
and thus, has a more predominant effect on coaxial line impedance than
the value N. This is substanti;ted by the measured results which in-
dicated that lowering the cavity Q did affect the impaedance response

of the combiner network significantly.
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Figure 30.
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CHAPTER V
SUMMARY AND CONCLUSIONS

As stated in the introduction, the objective of this investiga~-
tion has been directed toward increasing the understanding of T"ono
combiner design. In particular, a more accurate model of the impe-
dance presented to an IMPAIT diode was of interest. Toward this gosl,
the theory of cylindrical resonant cavity combiners, the circuit
modelling of resonant cavity combiners, and the characterizsation of a
THOZO test combiner was presented. The general theory of cylindrical
resonant cavities and the coaxial diode circuits is fairly well under-
stood as is shown by the design equations presented and the charac-
terization of the T™™

020
sented and used as the basic model for describing the impedance of the

test combiner. The Kurokawva model was pre-

combiner pctuork presented to the IMPATT diode circuit. By comparing
the sessured versus calculated coaxial line impedance responses in
chapter IV, it can readily be seen that this model does for the most
part provide the i{ntrinsic response of the T”an combiner. To achieve
this response, however, the coupling coefficients vere approximated

in order to fit the calculated curves to the messured data. Addition-
ally, vhen the number of coaxial lines was increased from ome to four,
8 smaller value of the cavity/coaxial line coupling coefficient vas re-

quired to agsin fit the curve. Thus, it is apparent that there exists
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20re than a simple relationship between the coaxial line impedance
tesponses and the number of coaxisl lines. In fact, because the ad-
ditional lines cause s significant reduction in losded O of the com-
biner, the Kurokaws model needs to be modified to include the changes
in Q and coupling coefficient, ng. Further comparison between
measured and calculated data is needed to accurately determine ths
functional dependence of this relationship.

Another very important factor in the design of mon o combiners
is achieving the highest combining efficiency possible. Achieving
high combining efficiency is synonomous wvith obtaining maximum power
transfer from the coaxial line circuits to the cavity and vice verss.
To obtain maximum pover transfer, both mismatch and dissipative
losses for the cavity/coaxial line interface must be minimized. The
nismatch losses are minimized by critically coupling the coaxial line
impedance to the cavity impedance at resonance. Bacause the number
of coaxial lines and the cavity height cigntficmtl; affects this
coupling ‘(1.0. through reduction in cavity Q), the design of m“w
combiners must incorporate design rules vhich will msintain high cavity
Q for any size combiner. Generally, any perturbation (e.g. probes,
loops, coexial lines) of a resonant cavity increases the loss and de-
creases the Q of the resonsnt circuit under consideration with
smaller perturbations affecting the Q of a resonant circuit less.

Thus, 1t is concluded that the use of smaller coaxial lines would be
beneficisl in improving combining efficiency. The dissipative loss in
a™ a0 combiner includes loss in the cavity valls snd loss in the
microvave sbsorber. With respect to the wvall loss, the scalloped
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contours for the coaxisl lines causes the majority of this loss. To
reduce the wall loss, the coaxial line may be moved closar to ths
cavity with some sacrifice in isolation between diode circuits.

There is also a finite loss in the microwave absorber load and this
loss may be reduced as stated earlier by decreasing the characteristic
impedance (e.g. using \/4 transformers) in front of the absorber. The
microvave sbsorber impedance cannot be reduced too much, however, be-
cause of IMPATT diode stadlity considerations.

In summary additional experiments are neceded in wvhich the phy-
sicul and electrical parameters of the cavity/coaxisl line interface,
as mentioned above, are varied in order to determine the relationship
betveen the combiner Q, the coupling cosfficient ng. and the number
of diode circuits and also in order to optimize the combining effi-
ciency. Furthermore, even though it wvas not emphasized, the model of
a tnouo combiner should be extended to include possible IMPATT diode
interaction vith nonsymmetrical wodes. No new coabiner models vere
developed in this investigation. However, this investigation has

delinecated some very important aspects of I"ouo combiner design.
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APPENDIX A
ZCOMB Program
This program was developed to calculate the impedance, z&. as
a function of frequency at a single coaxial line of a mono resonant
combiner. The impedance can be calculated at any convenient re-
ference plane relative to the cavity midplane. The program is based
on the Kurokawa combiner model. Equation (12) was rearranged into the

folloving form for easier implementation in the calculator routine,

. ﬂc”ﬂ:
Zy=Zy e el e
(fe "()*"%Q*Z‘é.

The microvave sbsorber 1oad impedance is computed in a subroutine of

this program and uses equations (20-24). The impedance, z';. is con-
puted using an additionsl calculator program called IN 2 (Appendix B)
vhich calculates the input impedance to a length of loaded trans-
migssion line. A flow chart of the 2COMB program is provided in Figure
32 and & listing of the program is given in Table 6; The programs
ICOMB and IN Z are {mplemented in HP's Reverse Polish Nouuon.ha;uuo
for use on the HP 41C programmsble calculator. To run the program, it
is called from memory and the mm combiuer parameters are entered in-
to registers 0-32 and the X4Y stack registers. A listing of the regis-
ter inputs is providel in Table S. The stare, stop, and step fre-
Quencies in Miz are next entered .and individual dats points of 2& ave
calculated as & function of frequency with each rum.

68

B I IR LI 7T TPTRT U Ty




\ INPUT COMBINER DATA j
QF = V%?L“w%)
ﬂ' M%w e

\INPUT FSTART, FSTOP, AND STEP(MH:/

ECALL FSTART

.

CALCULATE G, Q_ |
1

R0 3,

>

f=FSTARTHSTE?

Figure 32. Flouchart of ZCONB program
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Z, Subroutine

CALCULATE

R+jwl

|

CALCULATE
JuC

J

+dwl.
Zil- V G +jwC

Y.

ZA

=, Zat J Zotanpx

Zo +J Zutﬂ'\ BX

Pigure 32(comn't).
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TABLE 4.

ZCOMB Program Listing

Address Key Commamnt
01 LBL ZCOMB
02 INPUT DATA
03 AVIEW
04 sSTOP
0s /
06 STO 20
07 1
08 +
09 STO * 00
10 1/x
11 STO 22
12 RCL 10
13 STO * 00
14 STO / 22
15 Pl
16 STO + X
17 STO * 00
18 3
19 *
20 STO * 22
21 + X
22 X
23 sT0 / 00
24 RCL 09
25 STO * 22
26 14
r3} X
28 §T0 % 0C
29 -FSTART=? Oms)
30 PROMPT
1 $T0 2)
3 7STOP=? (iz)
A )] noer
k71 STO 24
3 STEP=? (ots)
1) PROMPT
b)) $TO 25
» L 0l
¥ RCL 23 RCL FSTART
40 SORT
41 §T0 )1 .
42 RCL 00
4) * G
M $T0 27 ¢
43 RCL 22
n

Address Kay Comment
46 RCL 31
a7 / Q.
48 STO 26
49 XEQ ZA
S0 Ci.ST
s1 RCL-27
52 1/x
33 $T10 30
S4 RCL 11
ss *
sé6 .02
57 *
58 1
59 +
60 STO 29
61 RCL 12
62 STO * 30
63 RCL 26
64 STO / 29
65 STO0 / 30
66 RCL 15
67 STO * 29
68 * 30
-
70 RCL 23
n STO * 29
72 * 30
73 ) ¢
" -
75 RCL 29
76 Xy
77 XZQ CPINV
78 RCL 30
7 0
80 xeQ oy 2
81  ncL o8 ¢
82 RrCL O
83 XE0 CADD = 2. +2'
84 sro o4 WA
(1] xty
] §T0 05
? RCL 23
) RCL 32
(1) XEQ Ix 2 l;(ue:.)
90 R-P

ety




TABLE 4(con’t)
¢ Mdtese _ Key _ Commest  fddrees _ Koy Commest
91 0 136  STO 05
92 / 137 rCL 23
93 -k glzo 13  x71 13 "
9% X» 139 xeQIN2 Z, (Rect.)
95  ARCL X 140 M
: 96  APPEWD Y 141 LML 02
97  ARCL Y 142 mo
98  avimw
9  TONE 6
100 STOP
101 RCL 24
102 RCL 23
103 x>Y? £ rSTOP?
104  GT0 02
105 RcL 25
106 STO + 23 £=PSTART+STEP
107 610 01
108  LIL ZA 2, subroutine
108 mcL 17
110  mcL 16
m RCL 31
2 112 .
| 113 ek
3 114  RcL 18
s e 23
‘ j 116 * ,
; 117 RCL 19
! 118 xir
; 119 rR
120 XEQ CADD  Béjab
121 »-P
122 RCL 20
123 L 23
124 . l3uc|
128 /
126 RCL 19
127 ST0 - 2
i 128 |
129 sgr i
130 2
I stwo/z o |
132 0w g ;
13  ra o
1M sto 0
133 xiy ]
B
: 2
z 7
%




.
TABLE S. 2ZCOMB Program Register lListing
Register _Data
X Cavity height, 4(in. or cm)
Y Cavity radiuvs, a(in. or cm)
00 +
(1) § 2 4
02 1 4
03 Cosxial lins charscteristic impedance, zonso ohae
04 +
05 +
06 ¢+
07 +
08 +
09 Sesse]l function gxdcud zero X
10 n./f'e-s.m X 10 A
11 Input coupling coefficient, n 2
12 Output coupling coefficient, ’mz
12 Di:na;o from cavity midplane to“microwave adsorber, x(cm)
1 J .
13 Cavil) center frequancy, ze(mx)
16 Ir//T]=.1209
17 I/ f=-12.%9°
18 lj.ufl-x.sog
19 LiuL/t=64,82 3
2 l3uC/t]=6.996 X 10
) LiuC/1=86°
22 *
23 Start frequency, FSTART(WH3)
i 20 . Stop frequency, FSTOP(MNz)
! 23 Step frequency, STEP(MNz)
() +
2 +
; 28 +
} 29 +
| 30 *
i n +
2 Distance from veference plane to cavity midplane, t(cm)

t=Intermediste calculations

N
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APPENDIX B
IN Z Prograa
This program calculates the input impedance, Zn+1. to a length
of lossless transmission line with characteristic impedance zo and
complex load'zn~Rn+jxn using the following well known equation

Z. =2 Zn+iZotanBL a9

Zo +jZntanpt

By substituting zn into this equation and rationalizing this complex
ratio, the solution of Rn+1 and xn+1 may be found. These quantities

are as follows,

2
Ras1 = 'R?)‘Z'" (30)

v = ZlXZ,0520+ (Z-Ra-su' JsNocOSE]
el ' D

. 2 2
were ‘@=8f  D=(2,0086-X,SINE) + (RaSING)

A program listing of this program is provided on page 75. To run the

program, it is called from memory and the transmission line length, ¢,
and frequency are entered in the X and Y stack registers, respectively.
The Re(zn+1) and Im(zn+1) are stored in storage registers 7 and 8, re-

spectively.
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TABLE 6. IN Z Program Listing
Address Rey Comment Address Key Comment
‘ 2
oL LBL IN Z 23 | X
% RAD 48 RCL 01
49 RCL 02
04 PI o B
05 . STo+X *
06 * 5;
07 3 x 104 - agL ol
08 /
54 RCL 02
09 cos . s
10 STO 01  COS 6 = X
11 LAST X 57 RCL 03
12 SIN 58 RCL 05
13 ST0 02  SIN @ o R
14 RCL 03
60 * ‘
15 R+ & : 5
16 RCL 04 |
17 RCL 05 62 RCL 03
18 R¢ 63 *
64 RCL 06
19 X2 Y o y
*
§2 o 66 STO 08 Xyt
22 RCL 02 gg :fl' 07
2 Rt 69 ARCL X
] 70 APPEND Y
: 25 Rt n ARCL Y
< 26 RCL 03 n e
R 27 PR -
g I 7 R
: 20 2 75 END
31 +
32 $T0 06 D
33 RCL 03
34 x2
35 RCL 04
36 *
37 Y
38 /
39 ST0 07 Ry +1
40 RCL 03
41 x2
42 RCL 04
43 x2
44 -
4s RCL. 05

15
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